ESI and CID mass spectra were obtained for four pyrimidine nucleoside antiviral agents and the corresponding compounds in which the labile hydrogens were replaced by deuterium using gas-phase exchange. The number of labile hydrogens, x, was determined from a comparison of ESI spectra obtained with N 2 and with ND 3 as the nebulizer gas. CID mass spectra were obtained for [M ϩ H] 
S tructural characterization of antiviral nucleosides is particularly important in the synthesis of nucleoside analogs for studies of their tumor inhibitory properties and for the structural determination of modified nucleosides in RNA and DNA. The majority of antiviral agents are purine and pyrimidine nucleosides and nucleotides. Mass spectrometry has played a significant role in the characterization and analysis of pyrimidine antiviral agents [1] [2] [3] [4] [5] [6] . Mass spectra of compounds containing the pyrimidine ring were first obtained by Biemann and McCloskey [7] .
The nucleic acid bases constitute an important target for studies of the dissociation of heterocyclic compounds, primarily because of the importance of nucleic acid constituents as therapeutic drugs and their role in biotechnology and the human genome studies. The ionic dissociation reactions of heterocyclic compounds have been regarded as some of the most complex processes in mass spectrometry. This view is due to practical limitations in the introduction of stable isotopes used to establish assignments of fragment ions and the complexity of the mass spectra obtained. Collision induced dissociation (CID) is advantageous for these studies and has been employed in the structural characterization of nucleobases. The collision process is an effective means of introducing sufficient internal energy into the protonated or deprotonated molecular ions to promote extensive fragmentation, which is minimal in ESI or API spectra. In addition, CID mass spectra of the compounds of interest can be obtained free of interferences that may be present in biological fluids or reaction mixtures. Collision induced dissociation has been employed in the structural characterization of pyrimidine nucleosides [8 -16] and pyrimidine bases [17] [18] [19] [20] .
Negative ion mass spectrometry is useful because the spectra are often much simpler than positive ion mass spectra. Electrospray ionization (ESI) in the negative ion mode has been used for a variety of small molecules with acidic functionalities, such as carboxylic, phosphoric, and sulfonic acids groups [21] [22] [23] [24] [25] . Negative ion mass spectra of pyrimidine bases and pyrimidine nucleosides have also been reported [26 -30] .
The chemical incorporation of deuterium followed by mass spectrometry has played a major role in the structural characterization of molecules to provide information on the mechanisms of chemical or biological reactions, and in the interpretation of mass spectra [31] [32] [33] [34] [35] [36] [37] . We have recently used hydrogen/deuterium exchange to study the decomposition pathways for protonated and deprotonated tetracyclines [38] and purine antiviral agents [39] . This method requires only simple changes in the plumbing of a SCIEX API-III ion spray source, as described by Hemling and coworkers [40] . Effective exchange of active hydrogens was achieved by replacing the nebulizer gas (N 2 ) with ND 3 . The ESI gas-phase H/D exchange compares favorably with H/D exchange methods in desorption chemical ionization and fast atom bombardment.
The present study was undertaken to determine the structures and mechanisms of formation of principal fragment ions of four pyrimidine antiviral agents and to determine the specific influence of substitution in the pyrimidine ring on the site selectivity of fragmentation pathways. Gas-phase hydrogen/deuterium exchange and tandem mass spectrometry in positive and negative ion modes were utilized to determine fragmentation processes. Knowledge of fragmentation mechanisms for CID spectra of [M ϩ H] ϩ and [M Ϫ H] Ϫ ions for these pyrimidine derivatives can serve as a useful models for structural determination of chemically or biologically modified antiviral agents as well as for quantitative determination in complex matrices.
Experimental

Chemicals and Materials
Four antiviral agents (3=-azido-3=-deoxythymidine (AZT), trifluridine, 5-iodo-2=-deoxyuridine and 5-iodo-2=,3= dideoxyuridine) were purchased from Sigma Chemical Co. (St. Louis, MO). Methanol and deionized water (HPLC-grade) were obtained from J. T. Baker (Phillipsburg, NJ). Glacial acetic acid and ammonium hydroxide (HPLC grade) were obtained from Fisher (Fair Lawn, NJ). Deuterated ammonia (99ϩ% ND 3 ) was obtained from Cambridge Isotopes Laboratories (Andover, MA). [40] . Normal spectra and H/D exchanged spectra for a single injection were obtained by averaging 5 to 10 spectra with N 2 as the nebulizer gas and then switching to ND 3 for several scans and then switching to N 2 for subsequent experiments. Both partially exchanged and fully exchanged species were observed. However, for these compounds it was easy to determine the number of exchangeable hydrogens from the mass shift of the most abundant mass species in the cluster.
Hydrogen/Deuterium Exchange
Sample Preparation and Introduction
Each pyrimidine derivative was dissolved in H 2 O/ CH 3 OH (1/1 by volume) to make a 10 g mL Ϫ1 solution with 1% CH 3 COOH or 50 mM NH 4 OH for positive or negative ion spectra, respectively. Recent work from this laboratory showed that 1% CH 3 COOH or 50 mM NH 4 OH significantly increased the sensitivities of pyrimidine derivatives in the positive or negative ionization mode, respectively [41] . Samples were infused into the electrospray interface using a Harvard syringe pump (South Natick, MA) at a flow rate of 2 L min
Ϫ1
.
Mass Spectrometry
Mass spectral analyses were performed with a SCIEX API-III plus triple quadrupole mass spectrometer with a mass range to 2400 Da (Thornhill, Ontario, Canada). The mass spectrometer was equipped with an ion spray interface with a nebulizer gas pressure (N 2 ) of 40 psi. The nitrogen curtain gas was adjusted to a flow rate of 1.2 L min Ϫ1 . Positive or negative ions formed at atmospheric pressure were sampled into the quadrupole mass filter via a 0.0045 in. diameter aperture. CID studies were performed in the second quadrupole on mass-sorted ions with Ar at a thickness of ϳ2 ϫ 10 15 atoms/cm 2 with collision energies of 5 to 25 eV (MS 2 ). Unit mass resolution was established, a 2 ms dwell time was selected, and the signal was averaged over 10 scans.
The SCIEX API-III plus triple quadrupole mass spectrometer contains a feature that can increase fragmentation information in CID spectra. The potential difference in the expansion region between the exit of the ion source and the first quadrupole can be increased to produce (additional) fragment ions from energetic collisions in this high-pressure region, up-front CID. The resultant fragment ions can then be mass-selected and decomposed by collisions (5-25 eV) in the second quadrupole (MS 3 ) as discussed above. Consequently, one can achieve extensive dissociation of protonated bases and other fragment ions from the protonated antiviral agents.
The combination of up-front CID and mass sorted CID (MS 3 ) was useful in determining origins of some fragment ions in the CID mass spectra. Where applicable, fragmentation pathways were verified by multiple stages of de- 
Results and Discussion
Positive Ions
The structures, molecular weights, and pK a values for the antiviral agents with the numbering system are given in Table 1 . Some of the pK a values are from the literature [42] [43] [44] [45] [46] [47] and others were calculated with the ZPARC pK a program [48] .
The low-energy (5 eV) CID mass spectra of these four antiviral agents are given in Figure 1 . Except for AZT, these relatively weak basic pyrimidine derivatives show the sugar ion, [S] ϩ , as the major product ion at 5 eV collision energy with much smaller amounts of the protonated base; therefore, formation of the sugar ion is the lowest energy decomposition reaction. The presence of an electron donating methyl group in the pyrimidine ring and the absence of OH group at C-2= and C-3= in the sugar moiety of AZT, however, may increase the proton affinity of the base and enhance the abundance of protonated base. These observations suggest that the thymine base of AZT, not the sugar, is protonated. Replacement of both hydroxyl groups with hydrogen atoms at positions 2= and 3= of the sugar ring has been reported to enhance the basicity of a given nucleoside and might favor protonation of the base [49] .
The proton affinities (PAs) or gas-phase basicities of these antiviral agents are not known. However, the proton affinities of thymine and uracil 2=,3=-dideoxyribonucleoside were calculated to be ϳ955 kJ/mol and 946 kJ/mol, respectively [49] . Kinetic method and ab 
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(deprotonation from ribose OH) initio calculations were also used to determine the proton affinities of nucleic acid molecules [50 -52] .
The experimental conditions (pressure and collision energy) were essentially the same for these four compounds; therefore, the stabilities of the protonated antiviral agents are comparable. Most of the CID experiments were done on [M ϩ H] ϩ ions sprayed from solutions of 1% CH 3 
Protonated pyrimidine antiviral agents dissociate through rearrangement decompositions of base-proton-
ϩ ions by cleavage of the glycosidic bonds to give the protonated bases. In addition to minor fragmentation pathways, protonated pyrimidine bases dissociate through three common pathways: (1) elimination of NH 3 , (2) loss of H 2 O, and (3) elimination of NHCO. ϩ analog produced by gas-phase exchange using ND 3 as the nebulizer gas. For AZT with a thymine base, the inductive effects of a methyl group (electron donating group) make the adjacent carbonyl group (CϭO4) a likely site of protonation. Protonation at the N1 and N3 sites are unfavorable processes for both thymine and uracil and the most stable protonated forms of these two pyrimidine bases are those protonated at the anti-(N3)O4 position [53] . The O4 of thymine nucleosides has been reported to be the site of protonation [42, 54] . The basicity of the two carbonyl groups in uracil derivatives has been determined and results indicate that the CϭO4 is more basic than the CϭO2 [55] .
Collision-Induced Dissociation of Protonated Zidovudine (AZT)
The collision-induced dissociations of protonated uracil and its derivatives have been studied by tandem mass spectrometry using compounds selectively labeled with 2 H, 13 C, 15 N, and 18 O [18] . Similar to the mechanism proposed earlier for the decomposition of protonated uracil [18] , the collisionally induced dissociations of protonated thymine appear to proceed by three principle pathways: (1) elimination of NH 3 , (2) loss of water, and (3) elimination of isocyanic acid (HNCO). Additional dissociation products are formed as a result of subsequent losses of CO from the three principal decomposition products. A proposed mechanism for the formation of the protonated isocyanic acid, loss of NH 3 and H 2 O from the CϭO4 protonated species as well as subsequent losses of CO is shown in Scheme 1. 
Collision-Induced Dissociation of Protonated Trifluridine
Collision-Induced Dissociation of Protonated 5-Iodo-2=-Deoxyuridine
The CID spectra of
ϩ at m/z 359 (not shown) at collision energy of 25 eV show that protonated 5-iodouracil at m/z 239 is shifted almost exclusively to m/z 242. The CID spectra of the ionic species at m/z 239 and the fully exchanged species at m/z 242 obtained by up-front CID followed by tandem CID are the same as those presented and discussed in detail in the previous section (CID of protonated 5-iodo-2=,3=-dideoxyuridine).
Sugar ions are exhibited in significant abundance in the CID spectrum of protonated 5-iodo-2=-deoxyuridine and were identical to those obtained in the CID spectrum of trifluridine. Table 2 shows the principal positive ion dissociation products for these antiviral agents for the undeuterated and deuterated species. These assignments were made from the combination of up-front CID and tandem CID mass spectra on undeuterated and deuterated ions. All protonated pyrimidine derivatives dissociate primarily to give the protonated bases [ 
CID of [B ϩ H]
ϩ occurs mainly through elimination of NH 3 , H 2 O, and of HNCO. Protonated trifluoromethyluracil, however, dissociates primarily through elimination of HF followed by the loss of HNCO. Secondary dissociation products are also formed as a result of subsequent losses of CO from the principal decomposition pathways.
Negative Ions
The CID mass spectra of [ 
Collision-Induced Dissociation of Deprotonated Zidovudine (AZT)
The CID spectrum of [M Ϫ H] Ϫ of AZT at m/z 266 in Figure 4a is significantly more complex than the CID thymine [57] . For uracil, the PA(A Ϫ ) values for N1H and N3H were reported to be 1391 kJ/mol and 1447 kJ/mol, respectively. For thymine, the PA(A Ϫ ) values for N1H and N3H were computed slightly higher at 1398 kJ/mol and 1450 kJ/mol, respectively. These values indicate that the proton at N1 is more acidic and hence more easily removed than that at N3 and that uracil is more acidic than thymine. These values are consistent with the pK a2 values reported for N3H of thymidine and uridine (Table 1) : uridine is more acidic than thymidine. Solution data for nucleosides ( Table 1 ) are interpreted that the N3H proton is removed first and then the ribose OH.
Collision-Induced Dissociation of Deprotonated Trifluridine
The major collisionally induced dissociation of deprotonated trifluoromethyluracil is the formation of NCO Ϫ ion by RDA mechanism. Eliminations of HF and HCF 3 are minor decomposition pathways. The dissociation reactions are interpreted in terms of decomposition of ions deprotonated on the trifluoromethyluracil ring. same as the CID spectra of these ions from 5-iodo-2=,3=-dideoxyuridine, discussed previously. Table 3 shows the principal dissociation products of four deprotonated pyrimidine derivatives. The decomposition processes discussed above have some similarities and differences. All of the pyrimidine derivatives gave ions corresponding to [B Ϫ H] Ϫ and NCO Ϫ . Elimination of CH 2 O, HNCO (DNCO) and HN 3 were observed for deprotonated AZT. Deprotonated trifluridine, however, showed the expulsion of HF (DF). Loss of HNCO (DNCO), CO and formation of iodide ion were observed for the deprotonated 5-iodo-uracil derivatives.
Collision-Induced Dissociation of Deprotonated 5-Iodo-2=,3=-Dideoxyuridine
